wake-generated" and "unresolved" unsteadiness from the v e l o c i t y measurements. ( l h e term "rotor-wake generated" unsteadiness r e f e r s t o the unsteadiness generated by t h e r o t o r wake v e l o c i t y d e f i c i t and the term "unresolved" unsteadiness r e f e r s t o a l l o f the remaining unsteadiness which c o n t r
i b u t e s t o the spread i n the d i s t r i b u t i o n o f v e l o c i t i e s such as v o r t e x shedding, turbulence, e t c . ) Auto and cross c o r r e l a t i o n s o f these unsteady v e l o c i t y f l u c t u a t i o n s a r e presented i n order t o i n d i c a t e t h e i r r e l a t i v e magnltude and s p a t i a l d i s t r i b u t i o n s . A m p l i f i c a t i o n and a t t e n u a t i o n o f both
rotor-wake generated and unresolved unsteadiness are shown t o occur w i t h i n the s t a t o r blade passage. . Subs c r-cs.
I s t a t o r row i n l e t c o n d i t i o n E s t a t o r row e x i t c o n d i t i o n z a x i a i component
r t a n g e n t i a l component In t h e past, unsteadiness i n turbomachines has been g e n e r a l l y categorized as being e i t h e r " p e r i o d i c " o r "random" ( " t u r b u l e n t " ) . F l o w -f l e l d f l u c t u a t i o n s r e s u l t i n g from t h e r e l a t i v e motion between blade rows have been categorized as " p e r i o d i c " unsteadiness. "Random" unsteadiness has been used as a c a t c h -a l l term which inciuaes i i o w -i i e i a i i u c t u a t i o n s due t o t u r b ulence, vortex shedding, g l o b a l f l o w -f i e l d f l u c t u a t i o n s , t r u e random unsteadlness. and any o t h e r unsteadiness n o t c o r r e l a t e d w i t h r o t o r speed. Therefore, i n t h e absence o f a more d e s c r i p t i v e terminology f o r unsteady 1 f l o w s t y p i c a l o f turbomachines and t o attempt t o avoid confusion o f terms, we w i l l use the terms "rotor-wakegenerated" unsteadiness t o describe t h e unsteadiness generated by the r o t o r wake v e l o c i t y d e f i c i t , and "unresolved" unsteadiness t o r e f e r t o the remaining unsteadiness.
Recent experimental i n v e s t i g a t i o n s o f the unsteady flows i n high-speed compressors (1) and t u r b i n e s (2) (3) (4) (5) have revealed several phenomena associated w i t h bladerow i n t e r a c t i o n s . Using a laser t r a n s i t anemometer (LTA) t o i n v e s t i g a t e t h e unsteady I n t e r a c t i o n s w i t h i n a compressor s t a t o r row, Dunker (1) was a b l e t o ident i f y r o t o r wake segments and the d i s t r i b u t i o n o f unresolved unsteadiness throughout t h e s t a t o r row.
S i m i l a r l y , Binder (2-4) used an LTA t o i n v e s t i g a t e unsteady i n t e r a c t i o n s w i t h i n a t u r b i n e r o t o r . observed an increase i n unresolved unsteadiness near t h e r o t o r l e a d i n g edge which he concluded was a r e s u l t o f the r o t o r chopping the s t a t o r secondary vortex. I n the present experimental i n v e s t i g a t i o n , a l a s e r f r i n g e anemometer (LFA) was used t o measure the unsteady v e l o c i t y f i e l d w i t h i n a transonic a x i a l -f l o w f a n s t a t o r row. Measurements were obtained f o r two d i f f e r e n t s t a t o r c o n f i g u r a t i o n s -a s t a t o r r o w cons i s t i n g o f d o u b l e -c i r c u l a r arc (OCA) blade shapes and a s t a t o r row c o n s i s t i n g o f c o n t r o l l e d -d i f f u s i o n (CD) blade shapes. The measurement and a n a l y s i s techniques used t o r e s o l v e t h e unsteady f l o w f i e l d features are described i n Part I o f t h i s paper. Mean f l o w f i e l d r e s u l t s are presented as well as the s p a t i a l d i s t r i b ut i on s o f 'I r o t o r -wa ke -generated " and 'I un res o 1 ved 'I v e l o c i t y c o r r e l a t i o n s . The r e s u l t s support many o f t h e conclusions a r r i v e d a t i n e a r l i e r i n v e s t i g a t i o n s and a l s o p r o v i d e some new I n s i g h t i n t o t h e growth and decay o f unsteady v e l o c i t y f l u c t u a t i o n s caused by blade-row i n t e r a c t i o n s .
Binder TEST COMPRESSOR AND LASER ANEMOMElER SYSTEM
The research v e h i c l e used i n t h i s work I s a s i n g l e stage transonic a x i a l -f l o w compressor. speed i s 16043 rpm and t h e corrected mass f l o w r a t e i s 34 kg/s. Since t h e f a n stage was designed f o r low noise, the r o t o r and s t a t o r are separated by approximately 85 percent r o t o r chord a t midspan. The s t r e n g t h o f the r o t o r wakes and t h e r e l a t e d blade-row i n t e r a ct i o n s a r e t h e r e f o r e s i g n i f i c a n t l y diminished from what would occur i n a more c l o s e l y coupled stage. The advantage o f the wide a x i a l spacing between blade rows i s r e d u c t i o n o f t h e p o t e n t i a l f l o w -f i e l d i n t e r a c t i o n s between the blade rows. Rotor-wake-generated unsteady e f f e c t s can thus be studied independently o f t h e p o t e n t i a l f l o w i n f l u e n c e i n t h i s fan stage. designed t o discharge f l u i d a x i a l l y and t o have a cons t a n t a x i a l chord from hub t o t i p o f 5.6 cm. The s t a t o r consists o f 34 blades w i t h a midspan s o l i d i t y o f 1.68. The s t a t o r t i p diameter I s constant a t 48.7 cm and the i n l e t and e x i t hub/tip r a d i u s r a t i o s a r e 0.500 and 0.530 r e s p e c t i v e l y .
The c o n t r o l l e d -d i f f u s i o n s t a t o r blade row c o n s i s t s of 17 blades w i t h a midspan s o l i d i t y o f 0.85.
The CD blade row was designed t o provide t h e same performance as the OCA s t a t o r design w i t h t h e f o l l o w i n g cons t r a i n t s : ( 1 ) use one-half the number o f blades as t h e OCA s t a t o r , ( 2 ) e l i m i n a t e boundary l a y e r separation from t h e blade surface, and ( 3 ) use t h e same flowpath 
o achieve t h e maximum blade l o a d i n g w i t h o u t boundary l a y e r sepa r a t i o n . I n a d d i t i o n , a r e l a t i v e l y h i g h negative incidence angle i s r e q u i r e d t o avoid a p o t e n t i a l f l o w separation a t t h e s t a t o r l e a d i n g edge which was i n d icated i n t h e p r e d i c t e d s u c t i o n surface v e l o c i t y d i st r i b u t i o n . The design parameters f o r both the OCA s t a t o r and the CD s t a t o r a r e presented i n Table I .
The s t a t o r f l o w f i e l d was surveyed on a midspan axisymmetric measurement surface a t t h e measurement l o c a t i o n s shown I n F i g . 1 . A t each a x i a l l o c a t i o n the data were acquired a t 10 c i r c u m f e r e n t i a l l o c a t i o n s evenly d i s t r i b u t e d between 5 and 95 percent s t a t o r gap. The s t a t o r gap i s measured r e l a t i v e t o the pressure surface o f t h e blade. A t each. survey l o c a t i o n , l a s e r anemometer measurements were recorded f o r 50 d i f f e r e n t c i r c u m f e r e n t i a l l o c a t i o n s across a r o t o r r o t a t i o n of one p i t c h . Only v e l o c i t y components which l i e i n the a x i a l -c i r c u m f e r e n t i a l plane were measured. F u r t h e r d e t a i l s o f t h e measurement techniques a r e given i n P a r t I o f t h i s paper.
PRESENTATION AND DISCUSSION OF RESULTS
Data a r e presented f o r the f o l l o w i n g cases a t design-speed: ( 1 ) OCA s t a t o r blade o p e r a t i n g a t peak e f f i c i e n c y , ( 2 ) CD s t a t o r blade o p e r a t i n g a t peak e f f i c i e n c y , and ( 3 ) C D s t a t o r blade o p e r a t i n g a t nears t a l l . These t h r e e cases a r e compared t o p r o v i d e some assessment o f t h e e f f e c t s o f blade loading, incidence angle, and the s t a t o r s o l i d i t y on t h e unsteady f l o w f i e l d w i t h i n a s t a t o r passage. Both the steady and unsteady d e s c r i p t i o n s o f t h e s t a t o r f l o w f i e l d a r e presented. Based on the measured r e s u l t s , c o r r e l a t i o n s o f t h e rotor-wake-generated and unresolved unsteadyv e l o c i t y f l u c t u a t i o n s a r e used t o study t h e unsteady blade-row i n t e r a c t i o n s . Refer t o P a r t I o f t h i s paper f o r a d e s c r i p t i o n o f the measurement and a n a l y s i s techniques used t o o b t a i n the parameters which describe t h e steady-state and the unsteady f l o w -f i e l d features presented below.
Steady-State Flow F i e l d D e s c r i p t i o n
Contour p l o t s o f the t o t a l absolute v e l o c i t y (VT) f o r t h e OCA s t a t o r o p e r a t i n g a t peak e f f i c i e n c y and f o r t h e CD s t a t o r o p e r a t i n g a t peak e f f i c i e n c y and near s t a l l a r e presented i n F i g . 2. A l l contour p l o t s presented i n t h i s paper a r e generated by t r a n s l a t i n g t h e data measured i n one s t a t o r passage by one s t a t o r p i t c h b e f o r e c a l l i n g the contour p l o t program. Consequently, t h e p l o t t i n g program has no knowledge o f t h e presence o f t h e center blade shown i n F i g . 2 and t h e r e f o r e u t i l i z e s standard i n t e r p o l a t i o n techniques t o generate contour l i n e s between the lower and upper blade passages which cross the center blade. I n a l l contour p l o t s presented herein, one should t h e r e t o r e study t h e contours near t h e lower and upper blade i n order t o draw conclusions about t h e f l o w -f i e l d behavi o r near t h e pressure and s u c t i o n surface r e s p e c t i v e l y .
mately 235 m/s f o r the OCA s t a t o r blade row and approximately 225 m/s f o r t h e CD s t a t o r blade row. The axisymmetric mean incidence angles determined from conventional pressure probe surveys performed a t a s t a t i o n between t h e r o t o r and s t a t o r a r e approximately + l o f o r t h e OCA s t a t o r o p e r a t i n g a t peak e f f i c i e n c y and -17 and -12" f o r t h e CD s t a t o r o p e r a t i n g a t peak e f f iciency and n e a r -s t a l l r e s p e c t i v e l y . Observe from F i g . 2 t h a t as the mean incidence angle becomes more negative, the r e g i o n of h i g h v e l o c i t y near t h e l e a d i n g edge o f t h e s t a t o r s u c t i o n surface becomes l a r g e r and
The i n l e t freestream v e l o c i t y (VFS) I s approxi-i s pushed f u r t h e r downstream. b l a d e l o a d l n g can be seen by comparlng the v e l o c l t y g r a d l e n t across the blade passage I n the c l r c u m f e re n t l a 1 , d l r e c t l o n I n t h e DCA s t a t o r t o t h a t l n t h e CD s t a t o r .
F i g u r e 2 a l s o shows the upstream e x t e n t o f the p o t e n t l a l f l o w -f l e l d e f f e c t due t o t h e presence o f the s t a t o r blades. Uslng the c r l t e r l a t h a t any clrcumfere n t l a l v a r l a t l o n I n t h e t o t a l absolute v e l o c l t y whlch occurs upstream of t h e blade row 1s due t o t h e s t a t o r p o t e n t l a l I n f l u e n c e , t h e p o t e n t l a l f l e l d o f the OCA s t a t o r . 1s observed t o extend t o about 30 percent o f s t a t o r a x l a l chord upstream o f t h e l e a d l n g edge. The p o t e n t l a l f l e l d f o r t h e CD s t a t o r appears t o extend t o a t l e a s t 40 p e r c e n t o f s t a t o r a x l a l chord upstream of t h e s t a t o r l e a d l n g edge. Thls I s probably a r e s u l t o f t h e l a r g e n e g a t l v e lncldence angle o f the CD blade whlch causes a g r e a t e r f l o w adjustment around t h e l e a d l n g edge i n comparlson t o t h e DCA blade. t h a t s l n c e t h e r o t o r t r a l l l n g edge I s almost 100 perc e n t o f s t a t o r a x l a l chord upstream o f the s t a t o r l e a d l n g edge, t h e p o t e n t l a l I n t e r a c t l o n s between the s t a t o r and r o t o r a r e very weak. l n t e r a c t l o n s may st.111 be present, t h e only s l g n l f l c a n t blade-row l n t e r a c t l o n s a r e due t o rotor-wake-generated and,unresolved unsteadlness. 
t a t i o n o f one p l t c h whlch d e p l c t t h e r o t o r wakes as
they a r e chopped and subsequently t r a n s p o r t e d through the DCA s t a t o r blade row. The shaded reglons I d e n t i f y r o t o r wake f l u l d and were determtned by n o r m a l l z l n g the unresolved unsteadlness a t each p o l n t I n t h e s t a t o r f l o w f l e l d so t h a t t h e background (l.e., f r e e stream) unresolved unsteadlness I s zero and t h e maxlmum unresolved unsteadlness (whlch 1s expected t o occur w l t h l n t h e r o t o r wake) l s s e t equal t o one (6). The shaded reglons r e p r e s e n t areas I n whlch the l e v e l o f t h e normallzed unresolved unsteadlness I s g r e a t e r than 0.25. S l m l l a r contour p l o t s d e p l c t l n g t h e movement o f wakes through a d j a c e n t b l a d e rows have been presented by Dunker (1) f o r a compressor blade row and Blnder (2) f o r a t u r b l n e blade row. chops t h e r o t o r wake. the wake segments move a t d l ff e r e n t speeds along t h e s t a t o r blade pressure and suct l o n surfaces. reach t h e s t a t o r e x l t . t h e r e I s an appreclable mlsmatch o r " d r l f t " between t h e r o t o r wake segments whlch were o r l g l n a l l y p a r t o f t h e same r o t o r wake. Uslng l l n e a r small-dlsturbance theory, Smlth (1) has.shown t h a t f o r t h l n a l r f o l l s w l t h r e l a t l v e l y l i t t l e t u r n l n g t h l s d r l f t d l s t a n c e can be r e l a t e d t o t h e a l r f o l l c l r c u l a t l o n . r, and the average o f the I n l e t and e x l t v e l o c l t l e s , The d r l f t dlstance. AS, I s measured along t h e exten-S l O n o f t h e s t a t o r t r a l l l n g edge mean camber l l n e . Table 2 shows a comparlson between t h e c a l c u l a t e d and measured d r i f t dlstances along t h e 50 percent span measurement s u r f a c e o f t h e DCA s t a t o r , expressed as a percentage o f s t a t o r a x l a l chord.
.
Joslyn e t a l . (8)
o f a narrow smoke stream (1.e.. an l n v l s c i d z e r o -v e l o c i t y -d e f l c l t "wake") through a downstream r o t a t l n g blade row by t r a c l n g Isochronous l i n e s rneasured r e l a t l v e t o the l n l t l a l upstream generated smoke stream. For a cusped l e a d l n g edge a l r f o l l . t h e i r
approach reduces t o t h a t o f Smlth ( I ) .
I t I s a l s o e v l d e n t from F l g . 3 t h a t the r o t o r wakes tend t o p l l e up a t the s t a t o r e x l t , and t h a t t h e r e l s some s l l g h t spreading o f the r o t o r wake width. I n l l g h t o f the above observatlons. i t seems apparent t h a t the klnematlcs o f the t r a n s p o r t o f r o t o r wakes through t h e downstream s t a t o r blade row I s l a r g e l y c o n t r o l l e d by t h e steady-state p o t e n t l a l f l o w f l e l d . I n the present stage the r o t o r wake has already subs t a n t l a l l y decayed p r i o r t o e n t e r l n g the s t a t o r blade row. I n a more c l o s e l y coupled r o t o r and s t a t o r row, where r a p l d rotor-wake m l x l n g occurs w l t h t n the s t a t o r row and p o t e n t l a l l n t e r a c t l o n s a r e present, a slmple l n v l s c l d a n a l y s t s may n o t be adequate t o p r e d l c t the rotor-wake motion through the s t a t o r blade row.
Heyer ( 9 ) . l s t h a t a wake behaves l l k e a n e g a t l v e j e t .
Therefore
t h a t the higher-energy f l u l d of the r o t o r wake tends t o Impinge and c o l l e c t on the s t a t o r pressure surface, r e s u l t l n g I n a marked lncrease I n s t a g n a t i o n temper a t u r e on the pressure s l d e o f the s t a t o r wake. How ever. t h e r e I s no apparent evldence l n F l g . 3 o f the r o t o r wake w l d t h e l t h e r d l m l n l s h l n g on the s t a t o r suct l o n surface, o r l n c r e a s l n g on the pressure surface. Most l l k e l y . f o r t h l s l o o s e l y coupled stage, t h l s e f f e c t o f the r o t o r wake behavlng l l k e a n e g a t i v e j e t I s q u l t e small slnce t h e s t r e n g t h o f the r o t o r bake has weakened conslderably by the tlme i t enters the s t a t o r passage.
S i m i l a r wake t r a n s p o r t phenomena w e r e observed I n the CD s t a t o r blade row. However, due t o the higher v e l o c l t y g r a d l e n t I n the c l r c u m f e r e n t l a l d l r e c t l o n across the blade channel the d r i f t d l s t a n c e of the r o t o r wake segments w l t h l n the CD s t a t o r passage was g r e a t e r I n magnltude than t h a t measured w l t h l n the OCA s t a t o r passage. Also, slnce the s o l l d l t y of the CD s t a t o r blade r o w I s h a l f t h a t o f the OCA s t a t o r blade row, the r o t o r wake segments were more c l e a r l y ldent l f l e d throughout the CD s t a t o r passage.
Rotor-Wake-Generated Unsteady-Veloclty upstream o f the s t a t o r I s used t o normallze the r o t o rwake-generated u n s t e a d y -v e l o c l t y c o r r e l a t l o n s . For each o f t h e t h r e e t e s t cases. I t I s apparent t h a t the rotor-wake-generated unsteadlness 1s h i g h e s t a t the r o t o r t r a l l l n g edge and decreases downstream o f the r o t o r t r a l l l n g edge as a r e s u l t o f the r a p l d decay o f t h e r o t o r wake. However. as t h e f l o w approaches the s t a t o r passage the rotor-wake-generated unsteadlness Increases i n d l f f e r e n t reglons f o r each case tested. Contour p l o t s o f t h e RWVC f o r t h e t h r e e t e s t cases w l l l be compared below I n an attempt t o assess the e f f e c t s o f lncldence angle, blade loadlng. and s t a t o r s o l l d l t y on the RWVC.
A
a t e d I n Flgs. 4(a) t o ( c ) . I n Flg. 4(a). t h e normallzed a x t a l component o f t h e RWVC decreases from about 0.36 p e r c e n t Vps a t -70 percent s t a t o r chord t o about 0.16 p e r c e n t V~S a t -20 percent o f S t a t o r chord. From -20 percent s t a t o r chord t o t h e s t a t o r e x l t t h e a x l a l component o f t h e RWVC continues t o
decrease t o l e s s than 0.04 percent Vps except l n a r e g l o n between -20 and 10 percent o f s t a t o r chord.
I n t h l s r e g l o n t h e a x l a l component o f t h e RWVC lncreases near mld p l t c h and reaches a maxlmun o f about 0.25 p e r c e n t V& a t 5 percent s t a t o r chord. Although c o n s l d e r a b l y weaker, s l m l l a r lncreases occur f o r t h e t a n g e n t l a l and cross components o f t h e RWVC, as l n d l c a t e d I n Flgs. 4(b) and (c), r e s p e c t l v e l y .
Contour p l o t s o f t h e normallzed a x l a l component o f t h e RWVC f o r t h e CD s t a t o r o p e r a t l n g a t peak e f f lclency and n e a r -s t a l l a r e presented I n Flgs. 4(d) and (e).
The contour p l o t o f t h e RWVC f o r t h e CO s t a t o r o p e r a t i n g a t peak e f f l c l e n c y l n d l c a t e s a decrease I n t h e RWVC fron 0.59 percent Vps a t the r o t o r t r a l l l n g edge t o about 0.20 percent Vps a t t h e s t a t o r l e a d l n g edge. I n general, t h e RWVC cont l n u e s t o decrease throughout t h e s t a t o r passage.
There i s a small l o c a l l n c r e a s e i n RWVC near -10 percent chord. There I s a l s o a l o c a l l z e d Increase I n t h e RWVC near t h e s t a t o r s u c t l o n surface from about 65 p e r -
cent s t a t o r chord t o 90 percent s t a t o r chord whlch can be seen I n Flg. 4(d). The contour p l o t o f RWVC f o r the CO s t a t o r o p e r a t l n g a t n e a r -s t a l l ( F i g . 4 ( e ) ) a l s o shows a decrease l n RWVC upstream o f t h e s t a t o r passage, where t h e RWVC decreases from 0.59 percent V s a t t h e r o t o r t r a l l l n g edge t o about 0.35 p e r c e n t V 5 s a t -20 percent chord. However. I n t h e r e g l o n between -20 and -10 percent chord a t mld p l t c h t h e RWVC
Increases from 0.32 Vps t o 0.42 percent Vps.
One f e a t u r e whlch I s connon t o a l l t h r e e cases shown I n Flg. 4 I s t h a t t h e RWVC Increases l o c a l l y I n the r e g l o n near t h e l e a d l n g edge between -20 and 10 percent chord. Although no1 presented here, t h e t a n g e n t l a l and cross-components o f t h e RWVC f o r t h e CD s t a t o r l n d l c a t e the same trends as l n d l c a t e d by t h e a x l a l component o f RWVC.
The e f f e c t s o f changlng t h e s t a t o r s o l l d l t y on the rotor-wake-generated unsteadlness can be seen by comp a r i n g t h e contour p l o t o f t h e a x l a l component o f t h e RWVC f o r t h e OCA s t a t o r ( F l g . 4 ( a ) ) t o t h a t o f t h e CO s t a t o r ( F i g . 4 ( d ) ) . Note t h a t t h e rotor-wake-generated unsteadlness I n t h e passage o f t h e OCA s t a t o r i s damped o u t by about 35 percent chord, w h i l e I n t h e CO s t a t o r t h e e f f e c t s o f t h e rotor-wake-generated unsteadlness a r e s t i l l present up t o approxlmately 65 percent s t a t o r chord. s t a t o r chopping o f t h e r o t o r wake promotes m l x l n g s l n c e t h e OCA s t a t o r chops t h e r o t o r wakes a t t w i c e t h e f r equency o f t h e CO s t a t o r .
blade l o a d l n g on t h e rotor-wake-generated unsteadlness can be seen by comparlng contour p l o t s o f t h e RWVC f o r the CO s t a t o r o p e r a t l n g a peak e f f l c l e n c y and nears t a l l ( F i g s . 4(d) and (e)).
A t t h e peak e f f l c l e n c y o p e r a t l n g p o l n t , t h e RWVC d l s p l a y s l o c a l growth near t h e s t a t o r s u c t l o n surface between approxlmately 65 and 90 percent chord. A t t h e n e a r -s t a l l c o n d l t l o n t h e RWVC grows l o c a l l y near m l d -p l t c h between -10 and -20 perc e n t chord. Apparently t h e change I n lncldence a n g l e o r blade l o a d l n g I s r e s p o n s l b l e f o r t h l s change l n t h e l o c a t l o n o f t h e regions I n u h l c h t h e rotor-wakegenerated unsteadlness I s a m p l l f l e d .
The physlcs behlnd these I s l a n d s o f increased rotor-wake-generated unsteadlness l s n o t understood a t t h l s time. However. s l m l l a r blade-row I n t e r a c t i o n
Thls d l f f e r e n c e may be l n d l c a t l n g t h a t t h e
The e f f e c t s o f changlng t h e lncldence angle and 4 e f f e c t s have been observed by Matsuuchl and Adachl (12) and Binder (3-3) . The l n t e r a c t l o n s a r e small f o r t h e present stage c o n f l g u r a t t o n due t o t h e wide a x l a l spaclng between r o t o r and s t a t o r blade rows. Future experlments whlch a r e planned I n a more c l o s e l y coupled stage may h e l p t o e x p l a l n these phenomena.
C o r r e l a t l o n s o f Unresolved V e l o c i t y F l u c t u a t l o n s the unresolved unsteady-veloclty c o r r e l a t l o n s (UVC) whlch l i e s I n one o f t h e LFA measurement d l r e c t l o n s a r e presented i n f i g . 5 for varlous a x l a l survey s t a t l o n s .
The d a t a symbols I n t h e f l g u r e represent estlmates o f t h e UVC, whereas t h e bars l n d l c a t e t h e 95 percent confldence bands on these estimates. bands a r e l a r g e because they represent t h e confldence I n t e r v a l s o f a vartance. t l o n s . t2Oo and -20' t o t h e steady-state absolute f l o w . angle were used, b u t slnce t h e values o f t h e UVC component i n each o f t h e measurement d l r e c t l o n s showed t h e same trends, t h e UVC component I n t h e o n l y one o f t h e measurement d l r e c t l o n s (t20' d l r e c t l o n ) I s presented. Although t h e a b s o l u t e f l o w angle l s approxlmately cons t a n t from blade-to-blade a t a g l v e n a x l a l l o c a t l o n . l t v a r l e s constderably l n t h e a x l a l d l r e c t l o n . Cautlon should, t h e r e f o r e , be exercised when a t t e m p t l n g t o draw concluslons from apparent a x l a l g r a d l e n t s I n t h e measured unresolved unsteady-veloclty c o r r e l a t i o n s .
The magnitude o f t h e unresolved unsteady-veloclty c o r r e l at i o n s a r e normaltzed w i t h respect t o t h e square o f the a x l s y m n e t r l c free-stream a b s o l u t e v e l o c l t y upstream o f t h e s t a t o r p o t e n t l a l f l e l d as was done f o r t h e r o t o rwake-generated unsteady-veloclty c o r r e l a t l o n s . For t h e OCA s t a t o r , as shown I n F l g . 5(a), the component of t h e UVC l n t h e f l r s t measurement d l r e c t l o n

I s approxlmately constant a t about 0.34 percent Vps upstream o f t h e blade row. A t about -20 percent s t a t o r chord and 15 percent s t a t o r gap t h l s component o f t h e UVC beglns t o Increase. Thls p o i n t of Increased UVC
mlgrates toward t h e s t a t o r s u c t i o n -s u r f a c e w i t h I n c r e a s i n g streanrwlse d l s t a n c e and reaches a maxlmum value o f 0.63 percent Vp, a t -5 percent s t a t o r chord. Thls component o f t h e UVC then remalns above 0.5 percent Vps up t o about 20 percent s t a t o r chord, beyond whlch i t s magnitude becomes obscured by t h e s t a t o r suctlon-surface boundary l a y e r .
Blnder (14) observed a s l m l l a r Increase I n unresolved unsteadlness w l t h l n t h e vane wake o f a s l n g l e -s t a g e t u r b l n e as I t was t r a n s p o r t e d through t h e downstream r o t o r row. unsteadlness w l t h l n t h e vane wake increqsed near t h e r o t o r l e a d l n g edge and a t t r l b u t e d t h e Increase t o c u tt i n g o f t h e vane secondary v o r t i c e s by t h e r o t o r which caused t h e v o r t i c e s t o breakdown. thus generatlng h l g h e r unresolved unsteadlness l e v e l s . Although t h l s seems t o be a p l a u s l b l e e x p l a n a t l o n f o r t h e Increases I n t h e unresolved unsteadlness found by Binder. I t does n o t seem t o s u f f t c e f o r an e x p l a n a t l o n o f t h e observed lncreases I n b o t h t h e rotor-wake-generated and unresolved unsteady-veloclty f l u c t u a t l o n s observed I n t h e present research fan.
One would expect a breakdown g f t h e secondary v o r t e x t o cause Increased m l x l n g and t h e r e f o r e a r e d u c t l o n I n t h e r o t o r wake v e l o c l t y d e ft c l t , whlch I s c o n t r a r y t o t h e measured Increases i n t h e r o t o r wake v e l o c l t y d e f l c l t l n d l c a t e d from Flg. 4. CD s t a t o r o p e r a t i n g a t peak e f f l c l e n c y and n e a r -s t a l l a r e d e p i c t e d I n Flgs. 5(b) and ( c ) . r e s p e c t l v e l y . The d l s t r l b u t l o n s o f t h e UVC f o r t h e CO s t a t o r o p e r a t i n g a t b o t h peak e f f l c l e n c y and n e a r -s t a l l l n d l c a t e an Increase I n t h e UVC from t h e s t a t o r pressure t o s u c t l o n s u r f a c e throughout t h e CO s t a t o r passage. A t t h e nears t a l l o p e r a t l n g p o l n t . t h e blade-to blade d l s t r l b u t l o n s
Binder found t h a t t h e unresolved
The blade-to-blade d l s t r l b u t l o n s o f t h e UVC f o r t h e OXXNAE PAGE I$ OF POOR QUALI'W a t -10 and 0 percent s t a t o r chord (see Fig. 5 ( c ) ) I n d i c a t e t h a t t h e l a r g e p i t c h w l s e g r a d i e n t i n UVC whlch occurs between 50 and 70 percent o f s t a t o r gap occurs I n t h e same l o c a t i o n as the r a p l d changes I n the RWVC shown I n F i g . 4 ( e ) . Comparing the CD s t a t o r t o the DCA s t a t o r , n o t e t h a t the increase I n UVC from the pressure t o t h e s u c t l o n surface which occurs i n the CD s t a t o r does n o t occur I n t h e OCA s t a t o r . The higher blade l o a d i n g I n t h e C D s t a t o r may c o n t r i b u t e t o t h i s e f f e c t .
Increases I n t h e unresolved unsteady v e l o c i t y c o rr e l a t i o n s shown I n F l g . 5 may be due t o an increase i n t h e unresolved unsteadiness e i t h e r I n t h e "freestream" r e g i o n between r o t o r wakes, i n t h e r o t o r wakes themselves, o r I n both regions. To r e s o l v e t h l s Issue, r o t o r p l t c h w i s e v a r i a t i o n s o f the unresolved unsteadiness a t several c l r c u m f e r e n t l a l survey points a c r o s s , t h e s t a t o r p i t c h f o r t h e peak e f f l c i e n c y opera t l n g p o i n t a r e shown I n Figs. 6(a) and ( b ) f o r the DCA and CD s t a t o r . r e s p e c t i v e l y . The p l o t s o f F i g . 6a correspond t o an a x i a l survey s t a t l o n where the r o t o rwake-generated unsteadiness d i s p l a y s a l o c a l growth. Figure 6 (a) l n d l c a t e s t h a t t h e unresolved unsteadyv e l o c l t y f l u c t u a t l o n s w i t h i n the wake remain approxlmately constant blade-to-blade, w h i l e the unresolved unsteady-velocity f l u c t u a t i o n s w i t h i n the f r e e s t r e a m Increase and decrease from blade t o blade. Therefore. changes I n t h e magnitude o f t h e UVC a t a g i v e n a x l a l s t a t i o n w i t h i n the DCA blade occur as a r e s u l t o f changes i n t h e free-stream unresolved unsteadiness r a t h e r than changes i n t h e unresolved unsteadiness w l t h l n t h e wake.
CD s t a t o r a t 50 percent s t a t o r chord a r e presented I n F l g . 6 ( b ) . Note t h a t t h e unresolved v e l o c i t y f l u c t u at i o n s w i t h i n t h e wakes appear t o be suppressed near
t h e pressure surface and a m p l l f l e d near the s u c t i o n surface. The UVC l e v e l s i n t h e freestream regions o u t s i a e o f t n e r o t o r wake a r e r e i a t i v e i y constant. Therefore, changes i n t h e p i t c h w i s e d l s t r l b u t i o n o f the UVC i n t h e CD s t a t o r shown I n Fig. 5 appear t o be due t o changes I n t h e unresolved unsteadlness w l t h l n the wake.
Comparlson Between Rotor-Wake-Generated and Unresolved Unsteady-Velocltv C o r r e l a t i o n s I n order t o evaluate the r e l a t i v e c o n t r l b u t l o n s of t h e RWVC and t h e UVC t o t h e unsteady f l o w f i e l d . the axlsymmetrlc a x i a l components o f the RWVC and t h e UVC a r e presented I n F i g . 7 f o r a l l t h r e e t e s t cases. These axlsymmetrlc components a r e obtained by a r l t hm e t l c a l l y averaging the measured c i r c u m f e r e n t i a l dlst r l b u t l o n s o f t h e RWVC and t h e UVC a t each a x i a l measurement s t a t i o n . As discussed I n P a r t I o f the paper, the a x l a l component o f t h e UVC cannot be determined u s i n g t h e present l a s e r anemometer system, but can be bounded. The a x l a l component o f the UVC I s t h e r e f o r e presented i n t h e form o f the upper and lower bounds whlch I t could a t t a i n . Also note t h a t I n most cases I n F l g . 7 the u n c e r t a i n t y I n t e r v a l s which represent t h e 95 percent confidence l e v e l f o r t h e RWVC are t h e same s l z e as the symbols used t o denote the RWVC.
The r e s u l t s presented I n F i g . 7 I n d i c a t e t h a t the decay o f t h e axisynunetrlc a x i a l component o f t h e RWVC I s s i m i l a r f o r a l l t h r e e t e s t cases. The r e l a t l v e magnitude o f t h e RWVC and t h e UVC a r e a l s o s i m i l a r f o r a l l t n r e e cases. F i n a i i y . t n e unresoived unsreaayv e l o c l t y c o r r e l a t i o n s a r e c o n s l s t e n t l y g r e a t e r than the rotor-wake-generated unsteady-veloclty c o r r e l a t i o n s , except upstream o f t h e s t a t o r l e a d i n g edge where the values o f t h e RWVC l l e w i t h i n t h e bounds o f the UVC f o r a l l t h r e e t e s t cases. This l a s t r e s u l t i n d i c a t e s t h a t t h r o u g h -f l o w m i x i n g would appear t o be l a r g e l y cont r o l l e d by t h e unresolved unsteadiness and not t n e Rotor p l t c h w l s e d l s t r i b u t l o n s o f t h e UVC w l t h l n the rotor-wake-generated unsteadlness, a t l e a s t f o r the present research fan. As p r e v i o u s l y mentioned, however, unresolved unsteadiness as d e f i n e d h e r e i n Includes any unsteadiness n o t c o r r e l a t e d w l t h t h e fundamental r o t o r r o t a t i o n a l frequency.
I n the case of the present research fan, p a r t o f the unresolved unsteadiness i s due t o v o r t e x shedding from the r o t o r t r a t l i n g edge (14). This v o r t e x shedding increases the magnltude o f the UVC r e l a t i v e t o t h a t whlch would e x i s t i n the absence o f the sheddlng. I n a d d i t i o n , since the spaclng between t h e r o t o r and s t a t o r i n the present stage I s wlde I n comparison t o most stages, t h e r o t o r wake has s l g n l f l c a n t l y decayed b e f o r e i t enters the s t a t o r passage. I n a more c l o s e l y coupled stage the e f f e c t s o f t h e rotor-wake-generated unsteadlness could be s u b s t a n t i a l l y l a r g e r .
SUMMARY AND CONCLUDING REMARKS D e t a l l e d measurements o f the f l o w f i e l d i n a DCA s t a t o r o p e r a t l n g a t peak e f f l c i e n c y and i n a CD s t a t o r operating a t peak e f f i c i e n c y and n e a r -s t a l l were compared t o assess t h e e f f e c t s o f blade loading, Incidence angle, and t h e s t a t o r s o l i d l t y on t h e unsteady f l o w f i e l d w l t h i n the s t a t o r passage. The measurements were acqulred along t h e 50 percent span surface o f r e v o l ut l o n o f each s t a t o r w l t h a l a s e r anemometer d a t a a c q u i s i t i o n system. The measured v e l o c i t i e s were used t o determlne the magnitudes and d i s t r i b u t i o n s o f the rotor-wake-generated and the unresolved unsteadiness. Based on t h e measured data, the f o l l o w i n g observations were made:
1. The kinematics o f t h e t r a n s p o r t o f the r o t o r wakes through the downstream s t a t o r row I s l a r g e l y c o n t r o l l e d by the steady-state p o t e n t i a l f l o w f i e l d . 2. Slmple l l n e a r disturbance theory i s adequate f o r p r e d l c t l n g the d r i f t d i s t a n c e between wake segments convecting aiong the s t a t o r pressure ana s u c t l o n surfaces.
s t a t o r row appears t o be mlnimal. f u r t h e r downstream w i t h i n t h e CD s t a t o r passage than w l t h i n the DCA s t a t o r passage, I n d i c a t i n g t h a t the chopplng o f t h e r o t o r wake by the s t a t o r blade promotes mixing.
t h e OCA s t a t o r i n d i c a t e t h a t the wake-generated unsteadiness may be a m p l l f l e d a t I s o l a t e d regions throughout t h e s t a t o r passage. The l o c a t l o n o f these regions o f Increased wake-generated unsteadiness i s a f f e c t e d by changes i n the s t a t o r Incidence angle. ensemble mean v e l o c i t y d e f l c l t o f t h e wake appears t o be suppressed near the pressure surface and magnlfled near t h e s u c t i o n surface o f the CD s t a t o r .
7 . Blade-to-blade Increases I n t h e UVC o f t h e OCA s t a t o r were due p r l m a r l l y t o Increases i n t h e f r e estream unresolved unsteadlness. However, f o r t h e CD s t a t o r the Increases I n t h e UVC were l a r g e l y due t o Increases i n t h e wake unresolved unsteadiness.
8.
The unresolved u n s t e a d y -v e l o c i t y c o r r e l a t i o n s a r e s l g n l f l c a n t l y g r e a t e r than t h e rotor-wake-generated u n s t e a d y -v e l o c l t y c o r r e l a t i o n s , which i n d i c a t e s t h a t t h r o u g h -f l o w m l x l n g Is l a r g e l y c o n t r o l l e d by t h e unresoived unsteadiness ana n o t t n e rotor-wakegenerated unsteadiness f o r t h e present research fan.
A t present, a s a t i s f a c t o r y explanatlon f o r the presence o f t h e increased rotor-wake-generated and unresolved unsteadlness near the s t a t o r l e a d l n g edge has n o t been found. I t i s a l s o unclear what e f f e c t , i f any, t h l s r e g i o n o f increased unsteadlness has on t h e s t a t o r performance. 
increased unsteadiness could Impact t h e performance o f t h e s t a t o r by e i t h e r e n e r g l z i n g o r separatlng the s t a t o r s u c t i o n surface boundary l a y e r . I n order t o f u r t h e r understand the blade-row I n t e r a c t l o n s present i n turbomachines, f u t u r e t e s t i n g on a more c l o s e l y coupled stage i s being planned. Also, an improved data a c q u l s i t l o n system i n c l u d i n g a two-component laser anemometer system i s c u r r e n t l y being developed. This improved data acquisi t i o n system w i l l enable measurement o f t h e a x i a l and t a n g e n t i a l components o f the Reynolds normal stresses and t h e Reynolds shear s t r e s s e s which cannot be obtained from the measurements i n t h e present i n v e s t i g a t i o n . 
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